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Abstract. Measurements of the excitation energies of superdeformed states via the observation of
single-step linking transitions have now been made in three even-A Pb nuclei, with a quasicontinuum
analysis providing a limit in a fourth, odd-A case. These results allow us to take the first steps
towards establishing systematic trends in excitation energies and binding energies in the second
minimum in Pb isotopes.
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INTRODUCTION
During the 1990s, many experiments were carried out aimed at studying the phe-
nomenon of superdeformation in nuclei with A ≈ 190 using the high-efficiency detec-
tor arrays Gammasphere, Eurogam II and Euroball III/IV. Although great progress was
made in mapping this island of superdeformation, and important advances were made
towards understanding the properties of the observed bands, very few successful mea-
surements of the fundamental properties of the superdeformed states (excitation energy,
spin and parity) have been made. This remains a significant problem, and not only be-
cause many of the results that have been obtained concerning quasiparticle excitations
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etc. include assumptions of level spins and configuration K values. One of the primary
motivations for studies of superdeformed nuclei is the opportunity they offer to test nu-
clear models under extreme conditions; without the excitation energies and quantum
numbers, no such tests can be made.
To date, out of the more than 80 superdeformed bands observed in the A ≈ 190
region, excitation energies have been established for only six bands [1]-[6]. Analyses
of the quasicontinuum component of the decay spectrum have resulted in somewhat less
precise measurements in 192Hg [8] and 195Pb [9]. It is only with the most recent results
that detailed comparisons can begin between data and theory.1
In this paper, two of the most recent measurements (on 192Pb [4] and 196Pb [6]) are
briefly presented. In both cases, the time correlations of γ-ray decays feeding and de-
exciting isomeric states proved to be the key to understanding the SD decay paths. Some
systematics of SD excitation and binding energies in the Pb isotopes are then presented.
EXPERIMENTS AND RESULTS
Time-correlation information provides means of isolating particular decay pathways that
can be both more efficient and less contaminated than using energy correlations alone.
Because of the very low intensity of the transitions connecting SD to ND states, any such
tool, which reduces the overwhelming background due to fission and other processes
and can also help determine precisely which states are fed, is extremely useful. The low-
lying states in the neutron-deficient Pb isotopes include several long-lived isomers with
lifetimes of the order of 100− 1000 ns. Of particular interest here are those with spins
similar to the spins of the levels from which the SD bands lose their intensity, which
may be exploited in the search for single-step linking transitions.
The data were obtained in two experiments, using the Gammasphere array (192Pb),
and the Euroball IV array (196Pb). Details of the experiments can be found elsewhere
[10, 11], but it is worth mentioning some pertinent similarities and differences in the
experimental conditions.
In both cases, the recoiling nuclei were stopped in a thick backing, so that delayed γ
rays below isomeric states were emitted from the focal point of the array. In the 192Pb
experiment, the beam was pulsed and the times of the signals from the Ge detectors
were taken with respect to the RF signal from the 88” Cyclotron. Thus in this case they
were fixed relative to the “reaction time”, when the beam pulse arrived at the target.
This allowed straightforward correlation across long-lived isomeric states. In the 196Pb
experiment, the beam (provided by the Vivitron accelerator) was continuous and times
were recorded relative to the master trigger signal. As this was generated on the detection
of the last of 4 signals from the Ge detectors and 5 from the BGO Inner Ball, and several
strongly-populated isomers are fed in the reaction, it was not fixed relative to the reaction
1 It is worth noting that the situation in the A≈ 150 region is even worse – Lauritsen et al. [7] succeeded in
establishing the excitation energy of the yrast SD band in 152Dy in 2002, almost 20 years after the band’s
first observation, and a more tentative measurement has been made in 149Gd, but no other SD excitation
energies have been published in this mass region.
274
14
12
14
12
10
8
6
16
10
8 ; 6030
1
130 ns
51 ns
72 ns
1 2
1600 ns
1090 ns
238 ns
Pb192 Pb194+
+
+
+
+
+
+
12
10
8
8
8
6
11
9
7
5
+
+; 4640
21
25 2
16
0
2059
2321 2119
2079
9
8
4
5
7
8
12
10
6
4
2
+
40
62
36
98
+
+
+
+
+
+
−
−
−
−
−
−
−
−
+
+
+
+
+
  +
  +
215
259
303
215
171262
304
345
FIGURE 1. Partial level schemes illustrating the decay paths identified in 192Pb and 196Pb.
time. In analysing the data from this experiment, a method was adopted which used the
average time of the gating transitions as the reference time for each event. It was found
that this resulted in an improvement in the time resolution and up to 15% increase in the
statistics in some SD-gated spectra.
Partial level schemes showing the decay paths established in these two experiments
are shown in Fig. 1. Although the intensities of the linking transitions are low, the
combination of energy and time correlation information unambiguously determines the
levels they feed.
EXCITATION ENERGIES AND BINDING ENERGY
SYSTEMATICS
Fig. 2(a) shows the excitation energies of the yrast SD states in 192Pb, 194Pb and 196Pb.
The ND yrast lines, are also shown. The SD excitation energy increases with increasing
neutron number, as does the angular momentum at which the SD band becomes overall
yrast [Ic(192Pb) ≈ 28h¯ compared to Ic(196Pb) ≈ 40h¯]. Extrapolations of the bands to
lower spins yield ESD,0+192Pb = 4.011 MeV [4], ESD,0+192Pb = 4.643 MeV [3] and
ESD,0+196Pb = 5.630 MeV [6].
The excitation energy measurements allow the study of the binding energy system-
atics of the yrast SD bandheads, which may be thought of as analogue ground states
in the second minimum. The binding energies of the ND [12] and SD Pb isotopes are
shown in Fig. 2. Recent work on the yrast SD band in 195Pb [9] gave a lower limit of
ESD(I ≈ 11)¯ = 2.5 MeV; extrapolation to I = 5/2h¯ (the band is built on a 52 [752] quasi-
particle excitation) results in a bandhead excitation energy of ≥ 3.7 MeV. The resulting
upper limit for this state is included in the figure. The fact that this limit lies higher
than the values for both 194Pb and 196Pb suggests that the SD excitation energy may be
significantly higher than the lower limit set by the quasicontinuum analysis.
The differences in binding energies, or two- and one-neutron separation energies, S2n
and S1n, make a sensitive probe of the trends along an isotope chain. Figure 2(c) shows
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FIGURE 2. (a) Excitation energies of the SD states in 192,194,196Pb. The filled (open) symbols indicate
SD (ND) yrast states. The dashed lines show the results of fits to the moments of inertia. (b) Binding
energy per nucleon in the ND and SD wells. (c) Relative SD binding energies compared with ground state
binding energies around the N = 126 shell closure.
the binding energies for even-N SD (ND) states relative to 194Pb (208Pb). A change in
the spacing of the levels is evident at the N = 126 ND shell closure (a similar decrease
is observed at other spherical shell closures). These two-neutron separation energies
are also shown in Fig. 3(a), where the change in S2n immediately above the N = 126
shell closure is obvious. It has been suggested that the SD neutron shell closure in this
mass region occurs at N = 112, and thus it might be expected that an analogous effect
be observed in the SD states. While the present data are not sufficiently extensive to
establish the “normal” binding energy differences between neighboring nuclei, there is
no strong evidence for the marked decrease one might expect at a pronounced shell
closure.
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FIGURE 3. (a) and (b): Two-neutron separation energies extracted for the SD Pb isotopes, compared to
(a) S2n in the second well and (b) the results of HFB calculations using various parameterizations of the
Skyrme force. (c): Limits on one-neutron separation energies extracted for the SD Pb isotopes.
But what does theory tell us to expect? Fig. 3(b) compares the experimental values
for the SD Pb isotopes with the predictions of Hartree-Fock-Bogoliubov calculations
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employing three different parameterizations of the Skyrme interaction [13]. The most
sophisticated of these (SLy4) fail to reproduce the data; instead, a slight increase in S2n
from A = 194 to A = 196 is predicted, which would be unprecedented if correct and
which is certainly not what might be expected above a shell closure. The SkM* and SkP
results predict a linear decrease in S2n over the range calculated, suggesting equal “gaps”
at each value of N.
The two-neutron separation energies in the SD well are of similar magnitude to
the ND values, although somewhat smaller. This is consistent with the lower value of
S1n obtained for 192Hg [5], and probably indicates a lower pairing strength in the SD
minimum. The upper and lower limits on S1n(195Pb) and S1n(195Pb) made possible by
the 195Pb and 196Pb measurements are shown in Fig. 3(c); clearly more precise data, and
measurements on 193Pb/197Pb, would be very interesting.
In summary, single-step transitions linking SD and ND yrast states have now been
identified in 192Pb, 194Pb and 196Pb, and a quasicontinuum analysis has provided a
lower limit on the excitation energy of SD 195Pb. These results allow us to take the first
steps towards establishing the systematic trends in both excitation energies and binding
energies in the second minimum in Pb isotopes.
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